In this work, flexural properties and failure behavior of unidirectional (UD) carbon fiber reinforced polyamide 6 (CF/Nylon 6) and epoxy resin (CF/ Epoxy) laminates were investigated through three-point bending test. The mechanical properties and failure behavior of 0 and 90 degree CF/Nylon 6 and CF/Epoxy laminates were discussed based on the fiber volume fraction, fiber distribution, void content, interfacial properties, transversal tensile strength and fracture toughness. The effects of fiber volume fraction, fiber distribution, void content and their hybrid effect on the flexural properties were investigated.
Introduction
Till now, fiber reinforced plastics (FRPs) have given rise to a wide range of engineering applications of types of materials to various application fields including aerospace and aircraft structure, yachts as well as wind generator blades and other products on the account of their outstanding mechanical properties, lightweight and longer service life [1] - [8] . Lots of present traditional materials, metal for instance, were gradually substituted by some new replacements such as carbon fiber reinforced plastics (CFRPs) [6] [7] [8] . The properties of CFRPs are related to lots of factors such as properties of raw materials [9] [10], fiber orientation [11] , manufacturing processes [12] and compatibility between fiber and resin [2] . Lots of methods to improve the mechanical properties of CFRPs such as reasonable structure optimization (hybrid reinforcements [13] [14] , layup [15] and so on), fiber treatment [16] , post-treatment [1] [5] , and micro-or nano-scale filler doping [17] [18] [19] have been carried out.
The sensitivity of the mechanical behavior of composites materials to the fiber/matrix interfacial bond strength has long been realized [2] [20] [21] . Good interfacial adhesion allows more effective stress transfer from the matrix to the reinforcement, enhancing the ultimate strength. One of the most efficient methods to ameliorate the capability of composites is to select a reasonable combination of reinforcement and matrix. Modification of the interface could affect fracture modes of unidirectional (UD) CFRPs, resulting in disparate mechanical properties [22] [23] . Longitudinal tensile failure of UD CFRPs having low interfacial bonding strength displays a splitting/broom fracture behavior, while those having a high interfacial bond display a step-like/brittle fracture behavior [2] .
Conventional laminate composites are sensitive to out-of-plane loading, as they are weaker in the through-the-thickness direction than in the plane of lamination. The flexure response of FRPs has been the subject of continued investigation [24] [25] [26] . Except the above mentioned factors, the presence of local inhomogeneities and defects, which are often difficult to characterize and model, also influence the flexural properties and failure in flexure. Lassila J and Vallittu P [27] investigated the influence of the position of fiber rich on the flexural properties of FRPs construction. Results indicate that specimens with fibers positioned on the compression side (≈250 MPa) showed higher flexural strength than specimens with fibers positioned on the tension side (500 -600 MPa). Hagstrand PO [28] studied the void content on the flexural properties of beams manufactured by compression moulding multiple unidirectional commingled glass/polypropylene fiber tows. Voids were found to have a negative effect on the flexural modulus and strength, which both decreased by about 1.5% for each 1% of voids but a clear positive effect on the beam stiffness.
In this study, typical thermoplastic resin Nylon 6 and thermosetting epoxy resin were used as matrices to manufacture 0 and 90 degree UD CF/Nylon 6 (same to CF/PA6) and CF/Epoxy laminates for investigating their flexural properties and failure behavior through a great quantity of experimental tests. Fiber distribution, fiber volume fraction, and void content were measured by the optical observation method. The interfacial properties were evaluated by push-out test.
The transversal tensile strength was evaluated by tensile tests of 90 degree unidirectional laminates. The fracture toughness of laminates was measured by compact tension tests. The effects of fiber volume fraction, void content, fiber distri-bution and their hybrid effects on mechanical properties were investigated.
Step-by-step 3 point bending test, microscope observation and scanning electron microscope observation were carried out to investigate the failure behavior and fracture mechanism.
Experimental Methods

Materials
Manufacturing of Unidirectional Composites
Two kinds of UD CFRP laminates were manufactured by using same carbon fiber (T700SC 12K, Toray, Tokyo, Japan) but two different types of matrix systems. Two types of UD prepreg sheets were fabricated from carbon fiber films with Nylon 6 (MXD-PA, Mitsubishi Gas Chemical, Tokyo, Japan) film, and carbon fibers (T700SC 12K, Toray) with epoxy (MCP939, Maruhachi Corporation, Fukui, Japan) film, respectively. Table 1 in order to eliminate the defects which formed in cutting process.
Sample Preparation for Microindentation Tests
Specimens with size of 2 mm × 25 mm were cut out from the UD composite laminates then embedded standing upright in a PMMA tube. The tube was filled with liquid epoxy resin for curing the pre-cut specimen. After that an epoxy resin cylinder including a CFRP composite laminate at the center with UD carbon fibers along the longitudinal direction, was prepared. A thin plate with thickness about 2 mm was cut off for getting a plane perpendicular to the fiber orientation.
Next step is the grinding and polishing steps. In detail, SiC abrasive papers were employed to grind and polish the previous cut face side of the epoxy cylinder During the above procedure, the epoxy resin cylinder was clamped in a circle adapter holding the cylinder perpendicular to the polishing plane. After polishing the first one side, the final procedure in the specimen preparation process is to grind and polish the other face side of the cylinder in the same way as mentioned above, till a slice of specimen with a thickness of about 100 µm.
Experimental Procedures
Tensile Tests
More than 10 pieces of 90-degree specimens were cut for transversal tensile tests.
The tensile tests were performed on a computer-controlled, screw-driven 100-kN capacity universal testing machine (55R4206, Instron, Kanagawa, Japan) at a rate of 1 mm/min based on the corresponding testing standard ASTM D3039 [29] .
3-Point Bending Tests
More than 20 pieces of 0-degree and 90-degree specimens were prepared. The flexure tests were performed on a computer-controlled, screw-driven 5 kN capacity universal testing machine (55R4206, Instron) at a rate of 1 mm/min on the basis of testing standard ASTM D7264 [30] . The specimens were placed on two fixed supports with support span length of 64 mm.
Compact Tension Tests
Five pieces of laminates as shown in Figure 1 were prepared for compact tension tests. The compact tensile tests were performed on a computer-controlled, screw-driven 5 kN capacity universal testing machine (55R4206, Instron). The load was applied quasi-statically under displacement control with a crosshead speed of 0.5 mm/min according to corresponding testing standard ASTM D5045 [31] .
The fracture toughness, K IC as a function of the geometrical parameters and the maximum load (P Q ) during the test could be calculated using Equations (1) and (2):
0.886 4.64 13.22 14.72 5.6 1
x is the ratio a 0 /W = 0.5, and a 0 = 25 mm is the initial distance between the crack frond and the pins ( Figure 1 ).
Single-Fiber Push-Out Tests
The IFSS of composite laminates was measured through single-fiber push-out tests, which were carried out by using a Berkovich Indenter with pyramid geo- tests is required to be thin as far as possible, for allowing debond over the whole surface/interface of the loaded carbon fiber and to push the fiber out from slice completely. The thin slices with thickness of 100 µm were put on the aluminum foil with holes as shown in Figure 2 . The IFSS y τ could be calculated through Equation (3).
where F p is the peak load when interfacial debonding happens; r f is the fiber radius (for T700S carbon fiber: r f = 3.5 μm); and l f is the thickness of slice.
Evaluation of Fiber Volume Fraction
On the basis of UD characteristics, the fiber volume fractions (V f ) of UD laminates could be evaluated by using on a polished surface of the specimen crosssection in a same way as introduced in [2] [3] . The V f of UD laminates could be measured according to the following steps: 1) Images of specimen cross sections were taken using an optical microscope (VHX-500F CCD camera, KEYENCE, Osaka, Japan, which has a resolution of 1600 × 1200 pixels) were preprocessed by using Adobe Photoshop version CS3 (Adobe Systems Corporation, San Jose, CA, USA) in a Windows 7 environment (Microsoft Corporation, Redmond, Washington, USA); 2) Functions in ImageJ software "Make Binary" and "Watershed" were used to get corresponding binary images from the original cross section photos, then the function of "Noise→Remove outlier" [2] was employed for obtaining images with clear boundary of carbon fiber; 3) "Analyze→Analyze Particles" function in ImageJ software was chosen to calculate the carbon fiber area ratio (∑Fibers cross section/cross section of CFRP), which is closely connected with the V f because of their UD characteristics. On the other hand, the polished cross sections of laminates were examined to check the carbon fiber distribution of laminates and crack propagation in laminates during fracture process. Figure 2 . Illustration of single-fiber push-out tests layout.
Evaluation of Fiber Distribution
After flexural testing for each laminates, three thin slices (width × depth × thickness = 15 × 2 × 2 mm) were cut from the area near the major crack of the beam that failed in flexure and two heads of the beam. The cut planes were parallel to the cross section of the beam. The panorama images were also captured by the optical microscope (VHX-500F, KEYENCE) after polishing process. For each cross-section, about 150 images (500 × 500 pixels corresponding to an area of 150 × 150 μm 2 ) were captured from the grid-limited regions of each cross section as illustrated in Figure 3(a) . Then the numbers of carbon fibers in each unit area was counted respectively. In detail, in order to get more accurate data, every fiber in a laminate was marked as a corresponding black circle point by hand one by one through using Photoshop software as shown in Figure 3(a) . Then the graph with hundreds of black circle points was extracted as shown in Figure   3 (d). At last, the point number could be counted by ImageJ software automatically by using the similar method as introduced in Section 2.2.5.
Fiber distribution could be quantified by evaluating the deviation of carbon fiber numbers from the average carbon fiber numbers in a unit cross section [32] [33]. The whole cross sectional photo of each laminate was divided into n small unit areas. The number of carbon fibers in each unit area was counted in sequence. Finally, the coefficient of variation ( ) x φ and fiber distribution coefficient α of each specimen were calculated by using Equation (4) and Equation
where x i is the number of carbon fibers in the i th unit area, x is the average number of fibers in all unit areas, and n is the number of unit areas. 
Evaluation of Void Content
According to the cross-section of unidirectional laminates as shown in Figure   3 (a), the void content area in laminates could be marked and extracted by using
Photoshop software as shown in Figure 3 (b) and Figure 3 (c), respectively. Then the void content ratio could be measured by using ImageJ software automatically by using the same method as described in Section 2.2.5.
Optical Observation and Scanning Electron Microscope
Observation Microscope observation camera and scanning electron microscopy (SEM) observations of fractured specimens were carried out using KEYENCE, VHX-500F microscope and CCD JEOL, JSM 5200 (Tokyo, Japan) scanning electron microscope, respectively. Before SEM observation, all selected samples were coated with an Au-Pd layer.
Results and Discussion
Fiber Distribution of UD Laminates
The cross section of UD CF/Nylon 6 and CF/Epoxy laminates are shown in Figure 4(a) and Figure 4 (a') and in Figure 4 (b) and Figure 4 (b'), respectively.
Evidently, carbon fibers in CF/Epoxy laminates distributed more uniform than carbon fibers in CF/Nylon 6 laminates. Carbon fiber layers in CF/Nylon 6 laminates exhibited a corrugated arrangement and "bundle"-like carbon fiber agglomeration was observed as shown in Figure 4 . Especially, the internal bad carbon fiber impregnation zones in CF/Nylon 6 laminates were observed as shown in Figure 4 (a′). It is well know that epoxy resin wets the carbon fibers at the pre-polymer stage, while the Nylon 6 resin has been already polymerized during the fiber impregnation process, which contributes to the capability of infiltrating the fiber bundles of Nylon 6 resin is much lower than that of the unreacted epoxy resin and finally leads to the fiber distribution difference.
Fiber Volume Fraction, Vf, of UD Laminates
V f of UD CF/Nylon 6 and CF/Epoxy composites could be calculated based on their cross sectional ratio between carbon fibers and matrix by using the image analysis software (ImageJ software) owing to their UD characters as introduced in Section 2.2.3. As shown in Table 2 , more than 40 pieces of specimens were examined and the results indicated that the V f of UD CF/Nylon 6 and CF/Epoxy composites were about 37.5% and 41.9%, respectively.
Interfacial Shear Strength of UD Laminates
According to Equation (3), the IFSS of CF/Nylon 6 and CF/Epoxy composites could be approximated by the average shear strength. Two types of typical areas in CF/Nylon 6 laminates (as shown in Figure 4(a) ) including a carbon fiber agglomeration zone (CF/Nylon 6-A: bad impregnation) and an ideal distribution area (CF/Nylon 6-B: ideal impregnation) were separated and the corresponding IFSSs were examined as reported in Figure 5 . The IFSS results indicated that CF/Nylon 6 laminates with ideal fiber impregnation (CF/Nylon 6-B, average IFSS ≈ 18.0 MPa) exhibited over double IFSS than CF/Nylon 6 composites with bad carbon fiber impregnation (CF/Nylon 6-A, average IFSS ≈ 7.6 MPa). Mean Figure 4 (a), it is known that the low IFSS zone was wider than the high IFSS zone in CF/Nylon 6 composites. The results indicated that IFSS in this research examined through the single fiber push-out method by using the Berkvich Indenter with pyramid geometry showed a relatively lower IFSS than that measured by other testing methods [34] [35] [36] [37] . Nevertheless, the adverse effects of poor infiltrating capability in CF/Nylon 6 composites on the IFSS were examined evidently in present study. Table   2 , a perceptible scattering of 90 degree tensile strength could be obviously observed. Commonly, the corresponding statistical distribution of composite strengths follows Weibull distribution [38] , with the Weibull equation given as Equation (6): Figure 6 . Typical stress-strain curves (a) and Weibull plot (b) of 90 degree UD CF/Nylon 6 and CF/Epoxy laminate under tensile loading.
Transverse Tensile Mechanical Properties of UD laminates
where P F is the cumulative probability of failure of a composite at applied tensile strength f σ , α is the Weibull modulus (Weibull shape parameter), and 0 σ is a Weibull scale parameter (characteristic stress). Taking the logarithm of both sides of Equation (6), rearrangement of the two-parameter Weibull statistical distribution expression gives the following:
be obtained by linear regression from a Weibull plot of Equation (7). The probability of failure F i at the i th ranked specimen from a total of N specimens is obtained from the symmetric rank method as
where i is rank of the each data point from lowest to highest strength. 
Fracture Toughness of 90 Degree UD Laminates
The fracture toughness results of CF/Nylon 6 and CF/Epoxy laminates examined by compact tension tests are shown in Figure 7 . Results indicate that CF/Nylon 6 laminates exhibited higher fracture toughness than CF/Epoxy laminates, which indicates the capability of UD CF/Nylon 6 composites containing a crack to resist fracture was better than CF/Epoxy composites [40] .
Flexural Mechanical Properties of UD Laminates
The flexural mechanical results of both 0 and 90 degree CFRPs are shown in Ta Results in Table 2 
Effect of Vf on Flexural Mechanical Properties
The 
Effect of Void Content on Flexural Mechanical Properties
Effect of Fiber Distribution on Flexural Mechanical Properties
The cross sections of10 pieces of CF/Nylon 6 laminates after flexure tests were used to evaluate the fiber distribution. 
Fracture Behavior
Step-by-step flexure method was employed to investigate the fracture behaviors Figure 15 (I), some fiber concentration areas without enough resin impregnation could be observed in 0 degree CF/Nylon 6 laminate, which was bended with deflection of 1 mm (as shown in Figure 1(a) ).
With the increase of deflection, initial crack could be found in fiber concentration areas and then crack propagation also could be observed along fiber con- laminates not, which related to the fracture toughness difference.
SEM Observation
The flexure fractured surface of the 90 degree CF/Nylon 6 and CF/Epoxy composites were observed using SEM observation as shown in Figure 18 (A) and 
Conclusion
In this study, typical thermoplastic resin Nylon 6 and thermosetting epoxy resin 1) CF/Nylon 6 laminates exhibited bad fiber distribution and higher void content while CF/Epoxy laminates with similar fiber volume fraction showed uniform fiber distribution and less void content owing to the difference of infiltration capability between two resin systems.
2) Bad fiber distribution in CF/Nylon 6 laminates lead to more void content existed in fiber concentration areas, which has negative effects on their interfacial properties and finally affects the mechanical properties. Especially, 90
degree CF/Epoxy laminates with uniform fiber distribution (less void content, stable interfacial properties) exhibited more than double tensile and flexure strength comparing to CF/Nylon 6 laminates with similar fiber volume fraction.
3) The statistic fiber distribution condition of CF/Nylon 6 laminates were investigated based on a large number of carbon fibers (>half million) and results
showed that fiber numbers in each unit area of laminates exhibited fitting
Weibull distribution.
4) The positive effects of higher fiber volume fraction and less void content on the flexural mechanical properties were approved in this study. Meanwhile, their hybrid effects on flexural mechanical properties were investigated.
5) The step-by-step optical observation and scanning electron microscope observation were carried out and confirmed that the fiber distribution and interfacial properties affected the failure process of UD laminates in a large extent. Cracks in 0 and 90 degree CF/Nylon 6 laminates initiated from fiber concentration areas without enough resin impregnation then propagated along fiber concentration areas up to final fracture.
The fracture characteristics of UD CF/Nylon 6 composites with ductile matrix included both matrix plasticity and fiber/matrix interfacial failure (belong to adhesive failure mode) while CF/Epoxy composites with brittle matrix showed a glossy appearance with most of matrix failure in fractured surface (belong to Cohesive failure model).
